Abbreviations essential metals, Zn and Cu. In rats and Syrian hamsters, endotoxin treatment increases Zn and decreases Cu concentrations in liver and decreases Zn and increases Cu concentrations in plasma (6, 7). At the cellular level, endotoxin treatment increases the amount of Zn bound to MT, a cytosolic transition metal-binding protein, in the liver (8) and in cultured hepatocytes (9) and increases the urinary excretion of MT (10). Induction of MT synthesis protects macrophages against endotoxin-induced cell killing (I 1). A distinct 5' regulatory site uniquely responsive to endotoxin modulates MT-I gene transcription in mouse liver and kidney (12).
Abbreviations essential metals, Zn and Cu. In rats and Syrian hamsters, endotoxin treatment increases Zn and decreases Cu concentrations in liver and decreases Zn and increases Cu concentrations in plasma (6, 7) . At the cellular level, endotoxin treatment increases the amount of Zn bound to MT, a cytosolic transition metal-binding protein, in the liver (8) and in cultured hepatocytes (9) and increases the urinary excretion of MT (10) . Induction of MT synthesis protects macrophages against endotoxin-induced cell killing (I 1). A distinct 5' regulatory site uniquely responsive to endotoxin modulates MT-I gene transcription in mouse liver and kidney (12) .
The objective of the present study was to examine changes in tissue growth and Zn and Cu distribution that accompany exposure to endotoxin in early life. Because endotoxin increases MT gene transcription (6, 7) and because this protein sequesters both Zn and Cu intracellularly (13) , the possibility that changes in the Zn and Cu distribution among tissues and their binding to MT were associated with endotoxin exposure was investigated. Thymic growth in endotoxin-treated neonatal mice was examined, because decreased Zn and Cu bioavailability either in utero or in early postnatal life can affect thymic growth and development and diminish immunoresponsiveness (1 4-18) . Because the liver is the major depot for both Zn and Cu in the neonate and MT is a major intracellular ligand for these metals in the neonatal liver (19) (20) (21) , it was of interest to determine the role of MT induction by endotoxin in the accumulation of these metals in liver and their binding to MT in this organ.
MATERIALS AND METHODS

MT, metallothionein
Male and female HLA/ICR mice (Hill Top Lab Animals, LPS, Serratia marcescens lipopolysaccharide W Scottdale, PA) were paired overnight and maintained with free access to rodent food (Agway, Syracuse, NY) and tap water in a 12 h light-12 h dark photocycle at 23°C. Pregnant females were caged singly before parturition and day of delivery was designated as d 0. Litters were reduced to six pups within 24 h of birth and Endotoxins are complex li~o~ol~saccharides derived from cell pups were always maintained with free access to lactating dams. walls of gram-negative bacteria (1) . These toxins have a wide ~p s (no. 3130-35, lot 565368; Difco, Detroit, MI) was disrange of ~a t h o~h~s i o l o g i c effects (2) and play significant roles in solved in physiologic saline and sterilized by filtration immedithe development of circulatory shock (3). These effects are me-ately before use. At 2 d of age, LPS-treated mice received 10 pg diated in part by endotoxin-stimulated production and release of LPS intraperitoneally in 0.05 mL; age-matched control mice of acute phase cytokines (4) and by endotoxin-de~endent mod-received intraperitoneal injections of 0.05 mL of sterile physioulation of glucocorticoid hormone action (5) . Endotoxin expo-logic saline. ~t 5, 7, 14, and 28 d of age, LPS-and saline-treated sure also alters the systemic and intracellular metabolism of the pups were weighed, anesthetized with diethy] ether, and decapiReceived October 30, 1990 ; accepted March 28, 1991. tated. Thymuses, livers, kidneys, spleens, and brains (cerebrum, ' A preliminary account of this work was presented at the Society of Toxicology borosilicate test tubes. The mean body weight of a pup was meeting, arch [18] [19] [20] [21] [22] 1985 , in Sari Diego, CA, and was published in "=he calculated by dividing the weight of an entire litter by the number Mean body wt (g) at sacrifice account for differences in organ size in the two treatment grou~s. Analysis of the effect of endotoxin treatment upon the binding of Zn and Cu to MT in liver cytosol followed the procedure of Thomas et al. (22) . Briefly, homogenates (1:2 wt/vol) prepared in 0.005 M Tris, pH 8.6, were centrifuged at 104 000 x g for 60 min at 4°C and resulting supernates (cytosols) were applied to a column of Sephadex G-75 gel (Sigma Chemical Co., St. Louis, MO) with bed dimensions of 1.5 x 47 cm that was eluted with approximately 25 mL of 0.005 M Tris, pH 8.6, per hour. Fourminute eluate fractions were collected in acid-washed borosilicate tubes and their Zn and Cu contents determined by atomic absorption spectrophotometry. The total amount of Zn and Cu bound to MT was estimated by summation of the amount of each metal in eluate fractions, which constituted the MT peak. The relation between the extent of binding of Zn or Cu to MT and concentrations of these metals in cytosol was analyzed by the procedure of Onosaka and Cherian (23, 24) as previously used (22) .
Organ and cytosol samples were wet ashed and prepared for atomic absorption spectrophotometry as previously described (25) . Zn and Cu contents of digests were determined using a model no. 551 atomic absorption spectrophotometer (International Laboratories, Wilmington, MA) in the flame node. Procedures for minimizing the hazard of Zn or Cu contamination in sample collection and processing followed the recommendations of Chisolm and associates (26) .
All statistical comparisons were made by two-tailed t test using the Number Cruncher Statistical System statistical package, version 5.01 (NCSS, Kaysville, UT). Fractional organ weights were arc-sine transformed before statistical analysis (27) . Organ burdens of Zn or Cu were calculated as the product of mean metal organ concentration (pg per g) and mean organ weight (g) for each litter. weight of mice killed at 5,7, 14, or 28 d of age. Over this interval, LPS or saline treatment did not result in significant differences in mean body weight of mice. In contrast, body composition was affected by LPS treatment. Compared with coeval saline-treated mice, thymus weight was reduced by 50% at 5 d of age and by 35% at 7 d of age (Fig. lb) . Both effects were significant ( p < 0.01). However, at either 14 or 28 days of age, thymus weight did not differ between the two treatment groups. LPS treatment at 2 d of age also significantly increased ( p < 0.05) liver weight by about 35% at 7 d of age as compared to those found in salinetreated mice (Fig. lc) . Spleen weights were not significantly different in the two treatment groups (Fig. Id) . The weights of kidney or brain were not affected significantly by LPS treatment (data not shown). When analyzed on the basis of fractional weight, thymus weight was significantly reduced in 5 and 7-dold LPS-treated mice ( p < 0.01) and spleen weight was significantly increased in 28-d-old LPS-treated mice ( p < 0.05).
Organ concentrations of Zn and Cu were examined over the interval of 5 to 28 d of age in LPS-or saline-treated mice. Thymic Zn concentrations were unaffected by LPS treatment (Fig. 2a) To assess the role of the liver in the altered systemic metabolism of Zn and Cu after LPS treatment, the intracellular concentrations of these metals and their binding to MT were examined. Based on the limit of detection of Zn by atomic absorption spectrophotometry and the maximal saturation of 7 mol of Zn per mol MT (28), the limit of detection of MT in the present study was 0.1 nmol MT per mL of column eluate. Because MT concentrations in livers of mice older than 14 d declined below this detection limit, emphasis was placed on changes in metal concentration in cytosol and binding to MT that occurred between 2 and 14 d of age. Figure 3 illustrates the changes in the cytosolic concentrations of Zn and Cu in saline and LPS-treated mice over this age interval. Compared to saline-treated controls, the concentration of Zn in cytosol for livers of LPS-treated mice was reduced by about 20% at 7 d of age and increased by about 60% at 14 d of age. The concentration of Cu in liver cytosol from LPS-treated mice at 7 and 14 d of age was decreased about 30% relative to that found in cytosols from saline-treated mice. Figure 4 shows the amount of Zn or Cu bound to MT per mL of liver cytosol. For Zn and Cu, independent of treatment, there is a trend for decreased MT-bound metal with increasing age. On a concentration basis, both MT-bound Zn and MT-bound Cu in cytosol from livers of LPS-treated mice were equal to or less than those found in cytosols from livers of saline-treated mice. The relation between MT-bound Zn or Cu and the concentrations of these metals in cytosol was examined (Fig. 4,  inset) . Similar trends of increasing binding to MT with increasing cytosolic metal concentrations were found for both metals.
DISCUSSION
Treatment with LPS at 2 d of age had no effect on weight gain in HLA/ICR mice over the first 28 d of life. In adult rats, LPS treatment caused weight loss, particularly loss of skeletal muscle protein (29) . If this effect followed LPS treatment in neonatal mice, it was not accompanied by a significant change in the rate of increase of body mass over the 1st month of life. For some organs (e.g. kidney and brain) LPS had no effect on growth over the 1st month of neonatal life. In contrast, LPS treatment slightly but significantly increased liver weight in 7-d-old mice. Increased liver weight after LPS treatment is consistent with induction of an acute phase response (30) . The significant decrease in liver Cu concentration in 7-d-old mice is possible biochemical evidence of an LPS-induced acute phase response and may reflect mobilization of Cu for increased synthesis and secretion of ceruloplasmin. Preliminary studies (data not shown) have found significantly increased plasma ceruloplasmin concentrations, as determined by p-phenylenediamine oxidase activity (3 I), in 7-dold mice treated at 2 d of age with LPS. This effect of endotoxin may be species-or age-specific. For example, endotoxin administration to Syrian hamsters increased serum Cu concentration but did not decrease Cu concentrations in liver (6) . The effects of LPS on the concentrations of Zn and Cu in liver cytosol and the binding of these metals to MT should be examined in context of the changes in Zn and Cu distribution and binding that occur in liver in early postnatal life. Notably, the concentrations of both metals in liver decline rapidly over this interval, and there is a concurrent decline in their cytosolic concentrations. Treat-ENDOTOXIN, GROWTH, ORGAN Zn AND Cu (32) , and it is possible that MT gene transcription is refractory to induction by LPS in early postnatal life. Notably, recent data indicate that the changes in Zn distribution that occur in Zn deficiency and after endotoxin exposure can be differentiated (33) . Therefore, it is possible that unique mechanisms underlie alterations of Zn distribution and binding that occur in endotoxin-treated neonatal mice.
In LPS-treated mice, thymic growth was arrested between the time of treatment and when they were killed at 5 or 7 d of age. This effect was reversible, and thymic weight in older mice was unaffected by the treatment received at 2 d of age. The recovery of thymus weight in LPS-treated mice may reflect repopulation of this organ by immigration of progenitor cells from bone marrow (34) . LPS treatment was also associated with a transient increase in the concentration of Cu in thymus. However, this elevation of Cu concentration was likely a function of the arrest of thymic growth in LPS-treated mice rather than an increase in the total tissue burden of this metal. The mechanisms by which LPS treatment affects thymic growth in neonatal mice are unknown. In rats or mice, either Zn or Cu deficiency in utero or in early life has been associated with reduced thymus weight, altered thymic morphology, and diminished immunoresponsiveness (1 4-18) . Treatment of neonatal mice with LPS diminishes T cell-dependent antibody formation during adult life (35) . Because processing of T lymphocytes to mature phenotypes occurs in the thymus (36) , LPS treatment, which arrests thymic growth, might be expected to affect subsequent T cell processing. Preliminary studies (data not shown) indicate that LPS treatment of 2-d-old mice reduces the concentration of DNA in thymus at 7 d of age, suggesting that cell loss has occurred. The possible roles of altered intrathymic metabolism of Zn and Cu in LPS-induced thymic atrophy and in subsequent changes in immunocompetence are unknown. In adult female NAW/WI mice, treatment with Salmonella typhinurium LPS produces thymic atrophy accompanied by intranucleosomal fragmentation of DNA (37; Thomas DJ, Caffrey TC, unpublished observations); this process is antagonized by pretreatment with Zn. The linkage between thymocyte killing and DNA fragmentation after LPS treatment and the molecular basis of the antagonistic effect of Zn warrants further study. Although our study did not examine the cellular distribution and binding of Zn and Cu in the thymus, other data indicate that MT does play a role in the intrathymic metabolism of Zn and Cu (38) (39) (40) . Further studies are also needed to elucidate the role of this metal-binding protein in the response of the thymus to endotoxin exposure.
